Staphylococcal pathogenicity islands (SaPIs) are the prototypical members of a widespread family of chromosomally located mobile genetic elements that contribute substantially to intra-and interspecies gene transfer, host adaptation, and virulence. The key feature of their mobility is the induction of SaPI excision and replication by certain helper phages and their efficient encapsidation into phagelike infectious particles. Most SaPIs use the headful packaging mechanism and encode small terminase subunit (TerS) homologs that recognize the SaPI-specific pac site and determine SaPI packaging specificity. Several of the known SaPIs do not encode a recognizable TerS homolog but are nevertheless packaged efficiently by helper phages and transferred at high frequencies. In this report, we have characterized one of the non-terS-coding SaPIs, SaPIbov5, and found that it uses two different, undescribed packaging strategies. SaPIbov5 is packaged in full-sized phage-like particles either by typical pac-type helper phages, or by cos-type phages-i.e., it has both pac and cos sites-a configuration that has not hitherto been described for any mobile element, phages included-and uses the two different phage-coded TerSs. To our knowledge, this is the first example of SaPI packaging by a cos phage, and in this, it resembles the P4 plasmid of Escherichia coli. Cos-site packaging in Staphylococcus aureus is additionally unique in that it requires the HNH nuclease, carried only by cos phages, in addition to the large terminase subunit, for cos-site cleavage and melting.
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interference | horizontal gene transfer | PICIs | molecular parasitism S taphylococcal pathogenicity islands (SaPIs) are highly mobile and parasitize temperate helper phages to enable their reproduction and their highly efficient encapsidation in infectious phage-like particles. Previously characterized SaPIs and their helper phages use the pac mechanism for DNA encapsidation and encode small terminase subunit (TerS) homologs which complex with the phage-coded large terminase subunit and thus determine SaPI packaging specificity. This process is aided by a SaPI-coded protein, Ppi, which complexes with the phage TerS, blocking its function (1) . Many of the SaPIs also encode a capsid morphogenesis module consisting of two proteins, CpmA and -B, which cause the formation of small procapsids that match the smaller size of the SaPI genome (2) .
Among the ∼20 SaPIs originally identified were several that lacked a TerS homolog and an identifiable morphogenetic module. At the time, these were thought to be defective and were not studied further. More recently, several newly identified SaPIs of bovine mastitis origin were also found to lack these genes; nevertheless, they were efficiently packaged and transferred by helper phages, suggesting that they are not defective after all (3). The prototype of these recently identified islands is SaPIbov5 (3) . In this report we decipher a strategy of molecular piracy by which the non-terS-coding SaPIs can be efficiently packaged and transferred.
Results
Phage-Specific SaPI Packaging and Transfer. SaPIbov1, a prototypical SaPI (4), and SaPIbov5 encode identical SaPI Stl repressors, and therefore, it was predicted that both islands would be induced by the same helper phages (5, 6) . A comparison of phage-specific mobilizations of SaPIbov1 and SaPIbov5 revealed that two standard SaPI helper phages, ϕ11 and 80α, induced and mobilized both SaPIs, whereas two additional closely related cos phages, ϕ12 and ϕSLT, not previously known to be SaPI helper phages, induced and mobilized SaPIbov5 but not SaPIbov1 ( Fig. 1 and Table 1 ). SaPIbov1 induction by phages ϕ11 and 80α, which use a headful packaging mechanism, generated the characteristic SaPI-specific band, which represents the SaPI monomers packaged into the small-capsid SaPI particles generated by the SaPI-encoded packaging module (2) . No SaPIspecific band was seen with SaPIbov5. This was expected because SaPIbov5 lacks the SaPI packaging module and is packaged in full-sized phage particles (see below). As previously demonstrated (7, 8) , deletion of ϕ11 terS eliminated the packaging of phage DNA but had no effect on SaPIbov1 transfer (Table 1) . This mutation, however, eliminated SaPIbov5 transfer ( Table 1) , suggesting that SaPIbov5 contains a pac site that is identical or very similar to that of ϕ11 and explaining the ability of SaPIbov5 Significance Staphylococcal pathogenicity islands (SaPIs) are highly mobile and carry and disseminate superantigen and other virulence genes. Here we report a remarkable example of molecular parasitism in which the SaPIs hijack the packaging machinery of the phages they victimize, using two unrelated and complementary mechanisms. Phage packaging starts with the recognition in the phage DNA of a specific sequence, termed "pac" or "cos" depending on the phage type. The SaPI strategies involve carriage of the helper phage pac-or cos-like sequences in the SaPI genome, which ensures SaPI packaging in full-sized phage particles, depending on the helper phage machinery. These strategies interfere with phage reproduction, which ultimately is a critical advantage for the bacterial population by reducing the number of phage particles.
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to be mobilized by a helper phage despite its apparent lack of any terS gene. Induction and mobilization of SaPIbov5 by ϕ12 and ϕSLT, however, is not so easily explained. ϕ12 and ϕSLT have a putative cos site that is present and shown to be functional in several other related phages (9) (SI Appendix, Fig. S1 ). Examination of the SaPIbov5 sequence revealed a putative cos site identical to the putative phage cos sites. Several other SaPIs missing the specific packaging module also carry the putative cos site (SI Appendix, Fig. S1 ). To test these phage cos sites for function, we cloned the ϕ12 and ϕSLT cos sites to a plasmid, pCU1 (10), which was not transferrable by ϕ12, and found that the cloned cos sites, but not the cloned flanking sequences, enabled transfer of the plasmids by ϕ12 (SI Appendix, Table S1 ) and did not affect their frequency of transfer by ϕ11, which would be by conventional generalized transduction. This result confirmed the identity of these sequences as cos sites. We next deleted the cos site of SaPIbov5 and found that this eliminated transfer of the island by ϕ12 and ϕSLT but not by ϕ11 (Table 1 ). These results establish that SaPIbov5, unlike any other SaPI thus far characterized, has both pac and cos sites and therefore can be mobilized and packaged by either a pac or a cos helper phage.
Phage-Coded HNH Endonuclease Is Required for Packaging of ϕ12, ϕSLT, and SaPIbov5. Examination of the packaging modules of phages ϕ12 and ϕSLT revealed an uncharacterized ORF between the late gene regulator rinA (11, 12) and the terminase genes terS and terL (SI Appendix, Fig. S2 ). The products of these ORFs, ϕ12p28 and ϕSLTp37 (98% identity), contain a region of homology to proteins of the widespread HNH family of endonucleases, and we considered the possibility that these proteins are involved in packaging. If they were involved in packaging, they would presumably be coregulated with the terminase genesi.e., activated by the late gene regulator RinA (11, 12) . Accordingly, we constructed reporter gene fusions with and without rinA and tested them for reporter gene expression. As shown in Fig. 2 , the HNH ORF is under RinA control. As its proximity to the terminase genes suggested that it might have a role in phage DNA packaging, we deleted it from both ϕ12 and ϕSLT prophages and tested the deletion derivatives for the production of plaque-forming particles following mitomycin C (MC) induction. As shown in Table 1 , neither of these deletion derivatives was capable of producing infectious phage, nor were the ϕ12 and ϕSLT mutants able to mobilize SaPIbov5. Complementation of the hnh mutants re-sorted both the phage and SaPI titers (Table  1) . These results suggest that ϕ12p28 and ϕSLTp37 are essential for ϕ12 and ϕSLT reproduction, respectively. Because proteins of the HNH family have endonuclease activity, usually nonspecific, but in some cases directed by a recognition motif to bind and cleave at a specific site, we considered the possibility that these proteins have nuclease activity and that this activity is required for phage encapsidation.
We first analyzed ϕSLTp37 to determine whether it has the structural features of the HNH nucleases by constructing a 3D structural model of the protein using iterative threading assembly refinement (I-TASSER) server (http://zhanglab.ccmb.med. umich.edu/I-TASSER/) (13) (Fig. 3) . According to this model, the protein folds with similar topology to structures of known HNH nucleases such as that of Geobacter metallireducens GS-15 [Protein Data Bank (PDB) ID code 4H9D] (14) and Pseudomonas alcaligenes PacI endonuclease (PDB ID code 3LDY) (15) , despite the low sequence similarity of ϕSLTp37 with these proteins. In the HNH model, the conserved HNH ββα-metalbinding motif comprises residues from 38 to 90 and the catalytic HNH residues are placed in the proper position for catalysis as is observed in structural alignment with other HNH nucleases (SI Appendix, Fig. S3 ). ϕSLTp37 His58 occupies the place of the histidine general base that activates the water nucleophile attacking the sugar phosphate backbone. ϕSLTp37 His83 and His57 correspond to the metal-binding residues that chelate the catalytic divalent cation (Mg 2+ or Mn
2+
) and Asn74 to the residue that correctly orientates the histidine general base for catalysis. In addition, four cysteine residues, Cys41, Cys44, Cys79, and Cys82 are placed as expected for the tetrahedral coordination of a Zn 2+ cation for folding as is observed in previously determined HNH structures. Altogether, the model predicts that ϕSLTp37 and ϕ12p28 are functional HNH nucleases. To confirm this, we expressed the ϕSLTp37 gene in Escherichia coli and tested it for its ability to degrade DNA in vitro. As shown in SI Appendix, 
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and as reported for other phage-encoded HNH nucleases (16), ϕSLTp37 degrades DNA. Because this degradation is nonspecific, the protein evidently lacks a sequence-recognition domain. We also tested derivatives of ϕSLTp37 with alanine replacements of the two putative catalytic histidines H57 and H58 and found that these also lacked nuclease activity (SI Appendix, Fig. S4 ). Accordingly, the two proteins are henceforth designated HNH ϕSLT and HNH ϕ12 and the genes hnh ϕSLT and hnh ϕ12 , respectively. These results suggest that it is the nuclease activity of these proteins that is required for DNA packaging, and that cos-site specificity must be provided by other protein(s). We next analyzed the cos-site cleavage reaction by means of ϕSLT derivatives with mutations in terS, terL, or hnh, using a detoxified derivative of the phage containing a tetracyclineresistance marker (tetM) in the Panton-Valentine leukocidin locus. This provided a sensitive test for packaging, as a single packaged molecule could be detected in the recipient strain as a prophage. For TerL, we included alanine replacements of E208 (motor) and D363 (nuclease) on the basis of previous studies (17) and comparative TerL sequences (SI Appendix, Figs. S5 and S6); and for HNH we included alanine replacements of H57 and H58 (Fig. 3) . For these experiments, the WT and mutant prophages were induced with MC and DNA prepared from a 90-min postinduction culture sample and analyzed for cos-site cleavage by means of codigestion with XhoI and SphI
following cos-site cleavage, the rinA probe would hybridize with a 2.15-Kb fragment and the terS probe with a 3.47-Kb fragment (see the scheme in Fig. 4A ). As shown in Fig. 4B , the smaller fragments produced by cleavage at the cos site appeared with the WT phage but not with any of the hnh, terS, or terL mutants. Cleavage was partial with the WT, and a very faint band, corresponding to the processed species, was seen with most of the mutant phages, suggesting that very weak processing could occur in the absence of any one of the three proteins. Note that cos-site duplexes cannot account for the appearance of partial cleavage or for the weakness of the bands in the mutants because the samples were prepared under conditions that would ensure cossite melting. This poor processing, however, was not sufficient to enable detectable packaging, which was partially re-sorted after complementation of the different phage mutants (SI Appendix, Table S2 ). Of interest is the fact that the complementation rate of the single point mutants carrying the plasmids expressing the WT proteins was reduced compared with that observed for the complementation of the deletion mutants (SI Appendix, Table S2 ). This suggests that the mutant proteins are expressed, forming nonfunctional complexes with the other phage-encoded proteins and interfering with the WT proteins to generate functional phage particles. Taken together, these results suggest that the packaging of this family of phages (and their parasite SaPIs) requires the nuclease activity of both TerL and HNH proteins. We propose here that these enzymes plus TerS form a cooperative nuclease complex to bring about cos-site cleavage, with TerS presumably determining the cleavage site.
The HNH-TerS-TerL Complex Is Not Sufficient to Activate Cos-Site
Processing. To prevent premature cos-site processing, the λ TerSTerL complex performs its nuclease function only in the presence of a preformed procapsid (18) . We tested this with the HNHTerS-TerL complex in vivo by mutating various proteins involved in ϕSLT capsid formation and assaying for phage packaging and cos-site cleavage as above ( Fig. 4A and SI Appendix, Table S2 ). This included terS, p40 (portal), p41 (protease), p42 (major capsid protein), and p47 (major tail protein). Electron microscopic analysis of the particles present in lysates prepared with the different deletion-carrying phages confirmed the predicted roles for the deleted genes. Thus, although deletions of the hnh, terS, terL, A B containing each of the indicated plasmids were assayed at the midexponential phase for β-lactamase activity under standard conditions. Samples were normalized for total cell mass. Error bars show SEM. and portal protein genes resulted in empty capsids and tails, deletions of the protease and capsid genes resulted in only tail structures, whereas the deletion of p47 resulted in capsids only (Fig. 5) . Surprisingly, some of the tails observed in the protease and major capsid protein mutants were extremely long, suggesting that the capsid structure also controls the length of the tail. Complementation of the different mutants re-sorted the production of functional phage particles (SI Appendix, Table S2 ). As shown in Fig. 4C , each of the deletions affecting capsid formation or DNA packaging eliminated cos-site cleavage, whereas deletion of the major tail protein gene did not. This result confirms the prediction that cos-site cleavage by the HNH-TerS-TerL complex is activated by the preformed capsid-which is required for cos but not for pac phages (19) .
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The Packaging System Involving HNH Proteins Is Widespread in Nature. A recent study has reported that many phages, infecting both Gram-positive and -negative bacteria, encode an HNH protein adjacent to the genes encoding the TerS, TerL, and portal proteins (20) . Interestingly, all of the characterized phages carrying an hnh gene are cos phages. Our results have demonstrated that not only these proteins but also those encoding the major capsid, the portal, and the protease proteins are required for cos-site cleavage and therefore for DNA packaging. To demonstrate the diversity of this mechanism, we analyzed E. coli phage ϕP27, which is clinically relevant as it encodes the Shiga toxin (Stx) (21) . We used a detoxified derivative of phage ϕP27 containing a tetracycline-resistance marker (tetA) inserted into the stx locus. We deleted from the ϕP27 prophage the genes encoding the HNH, TerS, TerL, portal, protease, and major capsid proteins (SI Appendix, Fig. S2) . Deletion of these genes did not affect phage DNA replication but completely eliminated phage packaging and infectivity (SI Appendix, Table S3 ). These defects were partially re-sorted by complementation (SI Appendix, Table S3 ). In addition, as previously demonstrated for the staphylococcal phages, cos-site cleavage in vivo was observed only after induction of the WT prophage, but not with any of the deletion mutants (Fig. 6) , confirming that the supramolecular complex containing HNH-TerS-TerL plus an intact capsid is required for cos-site cleavage.
Discussion
Characterization of several of the phage-inducible SaPIs and their helper phages has established that the pac (or headful) mechanism is used for encapsidation, which is exactly what would be expected for a transductional mode of transfer. In keeping with this concept, the SaPIs thus far characterized encode a homolog of TerS, which complexes with the phage-coded large terminase subunit TerL to enable packaging of the SaPI DNA in infectious particles composed of phage proteins (2, 7) . These also contain a morphogenesis (cpm) module that causes the formation of small capsids commensurate with the small SaPI genomes (2) . Among the SaPI sequences first characterized several years ago, there were several that did not include either a TerS homolog or a cpm homolog, and the same is true of several recently identified SaPIs from bovine sources (3) and for many phage-inducible chromosomal islands from other species. It was assumed, for these several islands, either that they were defective derivatives of elements that originally possessed these genes, or that terS and cpm genes were present but not recognized by homology. We have performed an extensive study of one of these islands, SaPIbov5, and found that the element is fully functional-able to be induced, efficiently packaged, and transferred at high frequency by helper phages, and therefore is not defective, and by implication, nor are the others defective. Rather than encoding unrecognizable TerS and Cpm proteins, SaPIbov5 contains neither. Rather, it is encapsidated by two different mechanisms, both different from the classical TerS/ Cpm mechanism used by the previously characterized SaPIs. One of these mechanisms involves induction by pac type helper Samples were removed after 90 min and used to isolate DNA, which was digested with XhoI/SphI (B) or with EcoRI (C). DNAs were separated by agarose gel electrophoresis and transferred. Southern blot hybridization patterns of these samples were hybridized overnight with a rinA or terS (to the left and right of the cos site, respectively in A) phagespecific probes. In C, all samples were run on the same gel, but four lanes analysing mutants that are not included in the manuscript have been removed. Noncontiguous lanes are divided by a white line.
phages (ϕ11 and 80α), followed by packaging in full-sized phage particles, initiated by the phage terminase. This means that SaPIbov5 must have a pac site that is recognized by at least these two helper phages (which encode virtually identical TerS). The other mechanism involves induction and packaging by different helper phages, ϕ12 and ϕSLT, that we have shown to be cos phages. SaPIbov5 and phages ϕ12 and ϕSLT have similar cos sites and flanking sequences, which accounts for SaPIbov5 DNA encapsidation by ϕ12 and ϕSLT. Thus, SaPIbov5 has two unrelated encapsidation sequences to enable independent packaging by pac and cos phages.
Cos sites were also identified in several other SaPIs that lack terS and cpm, suggesting that cos packaging in full-sized phage particles is a widespread alternative strategy for the SaPIs, which is reminiscent of plasmid P4 encapsidation by coliphage P2 (22) . However, in contrast to the P4-P2 interaction (22), SaPIbov5 does not induce its helper phage ϕ12. Interestingly, an evolutionary tree including SaPIs that use the cos and pac packaging strategies revealed that the cos SaPIs clustered together (SI Appendix, Fig. S7 ). However, some pac SaPIs (like SaPI2 or SaPI4) were more related to the cos SaPIs than to the other pac SaPIs. There are a number of possibilities to explain this. One is that a recombinatorial exchange of packaging modules between pac and cos SaPIs generated the different subbranches observed (SI Appendix, Fig. S7 ). Another is that some pac SaPIs have acquired a cos site, presumably from a cos phage or a cos-type SaPI and have lost the characteristic operon I present in the pac islands.
We have observed that an important feature of ϕSLT/SaPIbov5 packaging is the requirement for an HNH nuclease, which is encoded next to the ϕSLT terminase module. Proteins carrying HNH domains are widespread in nature, being present in organisms of all kingdoms. The HNH motif is a degenerate small nucleic acid-binding and cleavage module of about 30-40 aa residues and is bound by a single divalent metal ion (23) . The HNH motif has been found in a variety of enzymes playing important roles in many different cellular processes, including bacterial killing; DNA repair, replication, and recombination; and processes related to RNA (23) . HNH endonucleases are present in a number of cos-site bacteriophages of Gram-positive and -negative bacteria (16, 20) , always adjacent to the genes encoding the terminases and other morphogenetic proteins. However, their biological role in the phage life cycle had not been determined.
We have demonstrated that the HNH nucleases encoded by ϕ12 and the closely related ϕSLT have nonspecific nuclease activity and are required for the packaging of these phages and of SaPIbov5. We have shown that HNH and TerL are jointly required for cos-site cleavage; as a different member of the HNH family has been shown to have single-stranded nicking activity (20) , it is possible that cos-site cleavage in these phages involves the nicking of one strand by HNH and the other strand by TerL; because spontaneous melting of the 100% G + C cos-site duplex generated by staggered nicks would be inefficient, the HNH-TerS-TerL complex may also catalyze this melting, as occurs with the λ phage gpNu1-gpA complex (24) . Alternatively, melting may be facilitated by a different protein, corresponding to the E. coli integration host factor (24) . We have also observed that only cos phages of Gram-negative as well as of Gram-positive bacteria encode HNH nucleases, consistent with a special requirement for cos-site cleavage as opposed to pac-site cleavage, which generates flush-ended products. The demonstration that HNH nuclease activity is required for some but not other cos phages suggests that there is a difference between the TerL proteins of the two types of phagesone able to cut both strands and the other needing a second protein to enable the generation of a double-stranded cut. The biological significance of these alternative packaging mechanisms remains to be determined. In addition, previous studies with phage SPP1 have demonstrated that the DNA end not used for encapsidation is degraded in vivo whereas the TerSL-DNA complex protects the DNA end that will be packaged. This protection mechanism, which is operative even in absence of subsequent genome packaging (25) , is not yet understood. Because our experiments demonstrated that both ϕSLT DNA ends are resistant to host nucleases, it is tempting to speculate that the HNH-TerS-TerL complex can also be involved in this process.
It has been classically assumed that transfer of mobile genetic elements (MGEs) involves pac phages but not cos phages. Our results demonstrate that not only pac but also cos phages can have a relevant role in spreading MGEs with their virulence and resistance genes. Our study also establishes a strategy used by the SaPIs to hijack and interfere with the phage biology. HNHmediated cos-site packaging thus represents a remarkable and novel mechanism of MGE transfer which may have important implications for phage-mediated horizontal gene transfer in general.
Materials and Methods
Bacterial Strains and Growth Conditions. The bacterial strains used in these studies are listed in SI Appendix, Table S4 . The procedures for preparation and analysis of phage lysates, in addition to transduction and transformation of Staphylococcus aureus, were performed essentially as previously described (5, 6, 26) . DNA Methods. General DNA manipulations were performed using standard procedures. DNA samples were heated at 75°C for 10 min before the electrophoresis to ensure cos-site melting. The plasmids and oligonucleotides used in this study are listed in SI Appendix, Tables S5 and S6 , respectively. The labeling of the probes and DNA hybridization were performed according to the protocol supplied with the PCR-DIG DNA labeling and Chemiluminescent Detection Kit (Roche). To produce the phage and SaPI mutations, we used plasmid pMAD, as previously described (5) .
Complementation of the Mutants. The different phage genes under study were PCR amplified using the oligonucleotides listed in SI Appendix, Table S6 . PCR products were cloned into pCN51 (S. aureus) (27) or pBAD18 (E. coli) (28) and the resulting plasmids (SI Appendix, Table S5 ) were introduced into the appropriate recipient strains (SI Appendix, Table S4 ).
Enzyme Assays. β-Lactamase assays, using nitrocefin as substrate, were performed as described (5, 6), using a Thermomax (Molecular Devices) microtiter plate reader. Cells were obtained in exponential phase. β-Lactamase units are defined as (V max )/OD 650 .
Electron Microscopy. Electron microscopy was performed as previsouly described (1) and performed at Centro de Investigación Príncipe Felipe (Valencia, Spain).
Structural Modeling of HNH ϕSTL and TerL ϕSTL Nucleases. Models of the 3D structure of HNH ϕSTL and TerL ϕSTL nucleases were generated using the I-TASSER server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) (13) . Models with higher a C score (−0.55 and −1.21 for HNH ϕSTL and TerL ϕSTL , respectively) were selected for further structural analysis using Collaborative Computational Project No. 4 suite (29) and Crystallographic Object-Oriented Toolkit software (30) .
